Background. Regional myocardial blood flow has been quantified using transaxial positron emission tomographic (PET) imaging and tracer kinetic modeling. However, the use of transaxial images limits the accuracy of regional partial volume corrections and the localization of the quantified regional flow values. The purpose of the present study was to overcome both problems by calculating regional flows from reoriented short-axis PET images.
N oninvasive quantification of regional myocardial blood flow with positron emission tomography (PET) and tracer-kinetic principles has been addressed by several investigators.1-5 Their efforts have been largely successful as the calculated regional myocardial blood flows have correlated quite well with values derived independently with the microsphere technique,6 which is considered by most to be the gold standard for measurements of myocardial blood flow. The myocardial and arterial time-activity curves needed for the compartmental modeling approach were derived from serially recorded human or canine cardiac PET images that were acquired in a transaxial orientation.
Although transaxial images allow quantification, their usefulness is fundamentally limited. For example, slices oriented obliquely relative to the left ventricular myocardium exhibit greater variability in apparent regional wall thickness, which in turn causes a greater variability in the measured regional tracer concentrations due to partial volume effects. This regional variability is usually corrected for by using regional recovery coefficients. Much of the theory behind the calculation of recovery coefficients, though, is based on short-axis cross sections of cylindrical phantoms.7-10 Application of this theory to what are, in fact, oblique sections through an approximately cylindrical body neglects out-of-plane effects Kuhle et al 'IN-Ammonia and PET 1005 secondary to the obliquity. Most investigations attempted to circumvent these problems by extracting quantitative information only from transaxial images that cut through the mid left ventricle where the left ventricular wall is oriented perpendicular to the imaging plane.1" Measurements of regional myocardial blood flow, therefore, remained confined to transaxial planes through the mid left ventricle.1" Measurements from planes cutting tangentially through the inferior or high anterior left ventricular walls remained problematic and unreliable or, in the case of the inferior wall, frequently were not possible to obtain.
The use of short-axis images for the quantification of myocardial blood flow eliminates many shortcomings inherent to transaxial images. First, regional recovery coefficients can be determined more precisely because they are based on a cylindrical geometry and therefore can be applied appropriately and with greater confidence. Second, the estimates of regional myocardial flow can be located precisely, which in turn implies that quantitative polar maps of myocardial blood flow may be assembled. On the other hand, use of short-axis views is not without problems and limitations. As the generation of short-axis images may entail a loss of counts incurred during data interpolation, this error may affect the calculated flows. In addition, the short-axis images may be heterogeneous in spatial resolution, thus complicating the calculation of recovery coefficients." The purpose of this study was to derive accurate regional myocardial and blood-pool time-activity curves from reoriented dynamic "N-ammonia images of canine hearts for use with a two-compartment tracer kinetic model to obtain estimates of regional myocardial blood flow. These estimates were compared with independent measurements provided by use of the microsphere technique. 6 Methods
Animal Preparation
Four mongrel dogs (weight, 25-32.5 kg; average weight, 29 kg) were anesthetized with thioamylal (15 mg/kg i.v.). Maintenance doses of anesthesia were administered as needed. The dogs were intubated and ventilated with room air (Harvard Apparatus respirator). Catheters were advanced through both femoral arteries into the abdominal aorta for monitoring of systemic blood pressure and withdrawal of arterial blood. After a left thoracotomy, the pericardium was widely incised and sutured to the chest wall, forming a cradle for suspending the heart. For the administration of microspheres, a fine polyethylene cannula was inserted into the left atrium through a small puncture wound and secured with a purse-string suture. Two of the dogs were fitted with snare occluders just distal to the first diagonal branch of the left anterior descending coronary artery to decrease blood flow in the dependent myocardium.
Study Protocol
The instrumented dogs were positioned in a wholebody positron emission tomograph (model 931-08, CTI Siemens, Knoxville, Tenn.) that simultaneously acquires 15 planes (equals one frame) with an interplane spacing much as possible to align the tomograph's axis with the long axis of the heart and to minimize the angle of reorientation."1 However, the angle between the two axes remained approximately 500 for each dog. A 2-minute rectilinear transmission scan aided in centering the heart within the 15-plane axial field of view. This was followed by a 20- A total of 12 studies were performed in four dogs. In addition to studies at baseline, interventions were performed to increase the range of flow rates. Hyperemia was induced globally by intravenous infusion of dipyridamole (0.56 mg/kg) over 4 minutes, and systemic blood pressure was supported by intravenous infusion of methoxamine (40 mg in 500 ml of normal saline). Myocardial blood flows were lowered regionally by snare occlusion of the left anterior descending coronary artery. Of the 12 studies, two were performed in one dog (baseline and hyperemia), four were performed in a second dog (one baseline, one stenosis, and two different levels of hyperemia), three were performed in a third dog (one baseline, one hyperemia, and one stenosis), and three were performed in the fourth dog (one baseline and two different levels of hyperemia). Injection of "N-ammonia and microspheres, arterial blood sampling, and dynamic PET imaging were begun after the animals had stabilized hemodynamically.
Serial experiments were done in each dog only after 50-60 minutes had elapsed from the time of 13N-ammonia injection in the prior study. The "3N-ammonia (20 mCi diluted in 2-8 ml saline) was injected into a peripheral vein over 30 seconds while acquisition of the serial transaxial tomographic images was started. The acquisition sequence was as follows. In the first 2 minutes, 12 frames of 10 seconds duration each were acquired. During the next 2 minutes, six frames of 20-seconds duration each were obtained. Finally, four gated frames were acquired over the next 20 minutes. The gating signal was derived from ECG lead II.
Serial arterial blood samples of 1 ml each were drawn every 10 seconds for the first 2 minutes after tracer injection to measure directly the 13N-ammonia arterial input function. In addition, for each study, four arterial blood samples (1 ml each) were drawn at 40, 80, 120, and 180 seconds after tracer injection to determine the of 6.75 mm. The tomograph's gantry was rotated as time-dependent distribution of the '3N label between ammonia and its metabolites in the arterial input function. These samples were rapidly mixed with ice-cold 30% perchloric acid (0.25 ml) and centrifuged at 18,00Og for 5 minutes. The supernatant was removed, its pH was adjusted into the range of 6-8 with aqueous potassium carbonate, and then it was recentrifuged at 18,000g for 30 seconds. The supernatent was then transferred onto a 2-ml cation exchange resin column (AG 50W-X8; Na form) that retained any 13N-ammonia present.12 Each column was washed four times with 1 ml of 30 mM sodium phosphate buffer at pH 7.4. Both the eluate and column were then counted in a Nal (thallium) well counter.
Regional At the conclusion of all studies, each dog was placed into a deep anesthetic state, and the heart arrested with a concentrated potassium chloride solution. The heart was removed, washed, and cut into 1-cm-thick short-axis cross sections. After each section had been photographed, it was subdivided further into small 0.5-1-g bits, each of which was well counted for its microsphere activity concentration.
Regional Myocardial Blood Flow by Microspheres
Regional myocardial blood flow by microspheres was calculated by the following: RMBF (ml/min/g)=Ct*Fa/Cb (1) where RMBF is regional myocardial blood flow, Fa is the withdrawal rate of the arterial blood (ml/min), Q is the microsphere activity concentration in a given myocardial region (counts per minute per gram), and Cb is the total microsphere activity in the arterial blood sample (counts per minute). 6 Analysis of Short-Axis PET Images
The transaxial images were reconstructed using a Shepp-Logan filter with a cutoff frequency of 0.48 cycles per centimeter, which yielded an in-plane resolution of approximately 10.5 mm full-width half-maximum (FWHM). The scanner's axial FWHM resolution was fixed at approximately 7 mm. For each study, all dynamic and gated frames were transferred to a Macintosh II computer for image analysis.
The first step of the analysis was the reorientation of the diastolic frame into the short-axis position. The reorientation software used a newly developed "hybrid" interpolation algorithm that minimizes count loss and image artifacts."1 Using the photographs of the postmortem myocardial short-axis cross sections as guides, three cardial tissue slices selected were typically midventricular in location. The parameters that defined the orientation of the short-axis images relative to the transaxial images were saved in a file so that all of the other transaxial frames of interest in a particular experiment could be reoriented in exactly the same way as the gated diastolic frame.
Once the gated transaxial diastolic frame (i.e., one set of 15 contiguous images) was reoriented into a threeplane short-axis diastolic frame, regional recovery coefficients were derived from it as follows. Each myocardial cross section was divided into eight sectors (Figure 1 ). The two contours that define the sectors were separated by approximately 3 pixels (1.17 mm/pixel) and were centered about the peak myocardial circumferential activity. No attempt was made to position the two contours over the epicardial and endocardial edges. Within each sector, eight equally spaced rays originating in the center of the blood pool and ending well outside the epicardium were automatically drawn. A nonlinear regression fitting routine was applied to fit the activity profile along each ray to one of two theoretical profiles to obtain an estimate of the regional myocardial activity thickness. A distinction is made here between regional myocardial activity thickness and regional myocardial wall thickness. Conventionally, myocardial wall thickness excludes the contributions of thickness by structures such as papillary muscles and the points of insertion of the right ventricle into the septum. In PET imaging, it is not only difficult but also unnecessary to determine this regional wall thickness. Recovery of spatially smeared activity by use of geometric recovery coefficients does not depend on this wall thickness but rather on the regional thickness of activity, which, in turn, depends on contributions of activity not only from the true regional wall thickness but also from neighboring structures such as papillary muscles and right ventricular insertions. Therefore, in the context of recovery of activity, references will be made to the activity thickness, not the wall thickness, unless, of course, it is clear that these two are identical, as is the case in cylindrical phantom studies.
The theoretical radial profiles were derived from two models of the underlying, or "true," activity distributions spatially convolved with the tomograph's point spread function. A cylindrical model of the left ventricle, applicable to basal or midventricular short-axis cuts, contained five parameters: blood pool activity, left ventricular radius, activity thickness, myocardial activity, and background activity external to the left ventricle. A conical model of the left ventricle, applicable to short-axis sections that cut through tapering myocardium, included the parameters of the first model, but the blood pool activity parameter was set at zero. It must be noted that the theoretical radial profiles generated by the conical model are not accurate when the apex is neared. Therefore, recovery coefficients obtained for highly apical short-axis cuts could not be rigorously justified, so such short-axis cuts were avoided. This profile-fitting approach has been validated against echocardiographic and magnetic resonance imaging measurements of myocardial activity thickness in humans."" ,3The activity thickness estimates were derived with corrections for heterogeneities in the image spatial resolution secondary to the reorientation promatching short-axis images were produced. The myo- cess.11 The eight subsector activity thicknesses, together with the eight known subsector contour thicknesses, were used to derive eight subsector recovery coefficients. These eight subsector recovery coefficients were then combined into one recovery coefficient for that sector using a weighted-averaging technique.11 The eight sectoral recovery coefficients for each reoriented plane were then saved in a file for subsequent correction of the regional tissue time-activity curves. The serially acquired images were analyzed in two parts: the generation of tissue time-activity curves and the generation of blood pool time-activity curves. Both sets of curves were generated from reoriented dynamic images. Using the parameters of reorientation obtained earlier, the first 12 of the serially acquired transaxial image sets, spanning the first 2 minutes, were resliced. Note that even though the parameters of reorientation were derived from the reorientation of statically acquired frames that displayed the diastolic phase of cardiac motion, it was observed that these parameters also worked quite well for reorientation of the ungated dynamic images. After proper reorientation, the center of the left ventricular chamber should overlay the center of the image matrix. When using the diastolically derived reorientation parameters, both sets of reoriented diastolic and ungated images were observed to adhere to this criterion. When averaged over the cardiac cycle, the position of the long axis of the canine heart evidently does not change much from its orientation during diastole, at least in the open-chest preparation as used in this study. As described above, from each of the 12 serial reoriented short-axis frames, three cross-sectional planes of the myocardium were obtained and assembled into separate short-axis files. Each image file contained the same short-axis plane but at the 12 different times.
The myocardial time-activity curves were derived from these image files as follows. Eight anatomic sectors were drawn on the 120-second short-axis image. These sectors then were applied to the first six or so dynamic short-axis images, and this generated the first half of the tissue time-activity curves. For the remaining six shortaxis images, the eight sectors were not copied but rather automatically drawn individually onto each of them by the computer as enough '3N-ammonia had accumulated in the myocardium at these later times to allow this automatic contour drawing. Simple copying of predrawn sectors onto these later short-axis images frequently resulted in misalignments between those sectors and the myocardium due to short-term cardiac and respiratory motions that shifted the position of the myocardium relative to the fixed sectors. Therefore, the automatic sector-drawing approach was used, which ensured that the contours were exactly aligned with the myocardium, thus increasing the recovered tissue activity and decreasing its noise content, at least in the latter half of the myocardial time-activity curves. The activity in each sector of each sequentially acquired short-axis plane was corrected for physical decay as well as for partial volume effect using the earlier-derived sectorial recovery coefficients.
The blood pool time-activity curves were obtained by drawing a small (-30 mm2) region-of-interest at the center of the left ventricular blood pool on each shortaxis plane of each short-axis image file. The hand-drawn approach minimized the effects of cardiac motion on the resulting time-activity curve. It also provided superior blood-pool time-activity curves compared with the use of a single, fixed blood-pool region-of-interest copied onto all short-axis planes (the reference being the arterial blood samples well-counted for '3N tracer). Each blood-pool time-activity curve was corrected for physical decay and ammonia metabolites. The latter was determined from the four arterial samples obtained at 40, 80, 120, and 180 seconds. The percentages of total '3N activity bound to metabolites in the blood at the in-between times were derived by linear interpolation. The corrected blood-pool time-activity curve derived from each short-axis image file was used only with the tissue time-activity curves also obtained from that same short-axis image file.
Analysis of Transaxial PET Images
For comparison, regional myocardial blood flows also were estimated from three transaxial images in each of the 12 experiments. First, regional recovery coefficients were generated from gated static diastolic myocardial images in a transaxial orientation. A midventricular, gated diastolic plane was selected, and two neighboring planes-one on either side of the midventricular plane-were then chosen. To ensure independence of the calculated regional flows across planes, each neighboring plane was separated from the midventricular plane by 13.5 mm. Eight anatomic sectors were drawn on each plane, and regional recovery coefficients were calculated for all sectors overlying myocardium by the profile-fitting methodology. Sectors overlying the membranous septum were ignored. It should be noted that profile fitting of oblique myocardial cuts violates the theoretical basis of the methodology, which means that the generated recovery coefficients derived from transaxial images cannot be rigorously justified. However, for lack of a suitable alternate method and to be consistent with the short-axis methodology, the profile-fitting method was used on the transaxial images.
After these estimates of the regional recovery coefficients were obtained, the myocardial and blood-pool time-activity curves were generated from the first 12 dynamic frames (spanning the first 2 minutes after injection). A blood-pool time-activity curve was derived from each set of serially acquired transaxial images by using the hand-drawn approach described earlier. Automatic generation of contours for the derivation of the tissue curves was used when misalignment of the fixed tissue contours with the myocardium occurred (approximately 90% of the time). The time-activity curves were then decay corrected, and the blood-pool curves were corrected for the presence of nonammonia metabolites as described earlier. A blood-pool curve was generated from each set of dynamic transaxial planes and was used with the eight myocardial curves derived from that same dynamic set of planes for estimating regional myocardial blood flows with the standard two-compartmental model as described below.
Calculation of Regional Myocardial Blood Flow Using a Tracer Compartment Model
The myocardial and blood-pool time-activity curves were then fit to a two-compartment tracer kinetic model previously tested and used in humans. 3, 5 This model, shown in Figure 2 , consists of two functional compartments -one describing freely diffusable '3N-ammonia in a volume of distribution V (the vascular and interstitial space) and a second compartment that represents the 13N activity "trapped" in myocardium (see "Appendix"). The compartments are connected by two rate constants, K1 (ml/min/g) and k2 (min-1). As shown by Krivokapich et al,5 k2 can be set to 0 and V to 0.8 ml/g with little loss of accuracy. K1 can be shown to be related to the regional myocardial blood flow (RMBF) by the following: K1 =(RMBF/0.607)e(-MBF) -RMBF (2) as determined previously in dog experiments.14 Mathematical analysis of this model shows that two model parameters can be estimated from the blood-pool and regional tissue time-activity curves. These two parameters are the regional myocardial blood flow (in ml/ min/g) and a regional spillover fraction from the blood pool into the myocardium. The model equations are given in the "Appendix." The fitting of the time-activity curves to the model used a least-squares nonlinear regression algorithm. The model is relatively insensitive to errors in k2 and V as previously shown by Smith et al. 15 
Statistical Analysis
Mean values are given with SD values. Linear regression analysis was used to compare regional myocardial blood flows from microspheres to those derived from the tracer compartment model. The two-sample unpaired t test was used to compare selected random variables for statistically significant differences. The variance ratio test (F test) was used to test the hypothesis that selected variances were equal. Values of p<O.O5 were considered statistically significant.
Results

Hemodynamic Findings
For the baseline studies, heart rates in the dogs averaged 134±12 beats per minute with a mean arterial pressure of 117±17 mm Hg, whereas myocardial blood flow as measured by microspheres averaged 0.73±0.21 ml/min/g. During administration of dipyridamole and methoxamine, the average heart rate declined to 108±16 beats per minute (p<0.05), whereas the mean arterial blood pressure tended to be higher (135±33 mm Hg, p=NS). Myocardial blood flows by microspheres increased to 2.6+1.0 ml/min/g (p<0.05). The ratios of the hyperemic flows to the baseline flows ranged from 1.6 to 6.1 with an average ratio of 3.6. Because the coronary occlusion studies followed the dipyridamole/methoxamine studies, the mean arterial pressure (136±+13 mm Hg) and the heart rate (113+±39 beats per minute) during the occlusion studies were similar to those observed during the hyperemic studies due to residual hemodynamic effects of the dipyridamole and methoxamine. Myocardial blood flow in regions subtended by the occluded coronary artery averaged 0.47±0.26 ml/min/g. Static and Dynamic PET Imaging Figure 3A shows an example of a static transaxial diastolic image set. Of the images in this set, planes 8, 10, and 12 were used for analysis. Figure 3B shows the same study in diastole after image reorientation; planes 3, 4, and 5 were used for quantitative analysis. Eight sectorial myocardial regions-of-interest were drawn on each of the planes for analysis (as shown in Figure 1 ), whereas regional recovery coefficients were generated based on the estimated regional activity thickness, regional spatial resolution, and regional contour geometry.'1 Table 1 shows mean sectorial recovery coefficients for both baseline and hyperemic flow conditions. Serial acquisition of 15-plane transaxial frames every 10 seconds over the first 2 minutes after tracer injection was followed by reorientation of these image frames into three-plane short-axis dynamic frames. An example of the same plane extracted from each of the 12 threeplane reoriented frames from one experiment is shown in Figure 4 . At 10 seconds, the image consists mostly of noise. The subsequent images depict the transit of activities through the right and left ventricles and the uptake of tracer into myocardium.
Time-Activity Curves
Examples of blood-pool time-activity curves for "N-ammonia derived from a three-plane short-axis dynamic acquisition experiment are plotted in Figure  5A . Superimposed is the time-activity curve derived from arterial blood samples obtained during the same experiment. Each of these curves was corrected for 13N activity bound to ammonia metabolites. Note the Figure 5B shows an example of a myocardial time-activity curve in one anatomic sector (corrected for partial volume effects) together with a short-axis blood pool timeactivity curve. In regard to the serial transaxial images, the integrals of the blood pool time-activity curves obtained from the most basal of the transaxial planes differ, on average, significantly from the integrals of the invasively derived curves, although by only 4% (Table 2) . Otherwise, the integrals of the transaxially derived curves were similar to those obtained from the arterial samples. Microsphere Flow (mlImin/g) Figure 6B Microsphere Flow (ml/min/g) FIGURE Mean Flow (milmin/g) 4 5 FiGURE 7. cluded, the slope of the regression line decreased to 0.65. Therefore, only sectors well away from discontinuities in the myocardial activity distribution were used. Note also that the plotted square points in Figure 6B represent individual segmental flows obtained from segments that overlie tangentially sliced myocardium with out-of-plane spillover of activity. This situation may go unrecognized and result in erroneously low-flow estimates (see "Discussion" for details).
Regional rather than average myocardial blood flows for the 282 analyzed sectors are compared in Figure 7A . Flows by microspheres range from 0.2 ml/min/g to -5 ml/min/g. The line of regression has a slope of 0.94, an intercept of 0.06 ml/min/g, a correlation coefficient of 0.93, and an SEE of 0.43 ml/min/g. Also shown are two dashed lines that bound the central line of regression and represents graphically the SEE. One striking feature of this plot is the increased scatter in both microsphere and calculated flows as the magnitude of the flow increases. Near the baseline blood flow rates of -0.7 ml/min/g, the calculated and microsphere flows are relatively tightly clustered. This grouping becomes less tight as the flow increases. The change in slope from 1.02 for the average short-axis data to 0.94 is likely to be due to the fact that the noise in both the PET-and microsphere-derived regional flows was not averaged out as was the case for the averaged data. No such plot was obtainable for the regional myocardial blood flows derived from the transaxial images, as it is impossible to match transaxial image sectors with short-axis tissue sectors from which the microsphere flow data were derived.
The error bars in Figure 6A indicate that the variability of both microsphere-and PET-estimated flows increases with higher flows. However, the variability of the calculated regional flows increases disproportionately more than does the variability of the microsphere flows.
It is also of interest to compare the variability in the calculated flows of both PET approaches with each other to determine if one approach provides less "noisy" estimates of flow than the other. The data and results are shown in Table 4 . These data demonstrate that the variabilities in the calculated flows by the transaxial and short-axis approaches are not significantly different from each other.
According to King et al,17 the sources of variability in flow may be attributed to spatial variability, temporal variability, and variability introduced by measurement error. By assuming that these sources of variability are statistically uncorrelated, it is possible to characterize the flow variability or the relative dispersion (RD) of blood flow as the ratio of the SD to the average blood flow by the following:
RD20bserved= RD Temporal+ RDspatial+RDMe2hod (3) The observed relative dispersion can be calculated for both the microsphere and the noninvasive PET techniques. Performing these calculations and plotting the observed relative dispersions against flow in Figure  7B shows that the relative dispersions change only weakly with increasing flow. Note, however, that with increasing flow, the relative dispersion of the PET flow measurements increases, whereas that of the microsphere flow measurements decreases. Analysis of the slopes of the two lines of regression using the F test reveals that these slopes are significantly different from each other. For the entire flow range, the observed Finally, to assess the homogeneity of baseline shortaxis flow estimates around the circumference of the left ventricular myocardium, the bar graphs in Figure 8A depict the estimated and microsphere-measured average flows as a function of anatomic sector. Each column represents the average of 12 sectorial measurements (four baseline experiments multiplied by three planes per experiment). Baseline short-axis calculated flows and baseline microsphere flows were similar in each sector. In addition, flows (either estimated or microsphere measured) did not differ between sectors. Figure   8B displays in a similar fashion the homogeneity of hyperemic flow estimates for the six hyperemic experiments. Each column represents the average of 18 sectorial measurements (six hyperemic experiments multiplied by three planes per experiment). Again, estimated and microsphere-measured flows were similar in each sector. In addition, microsphere flows did not differ between sectors, yet there was a significant difference (p<O.OS) between the estimated flows in sectors 7 and 1 as well as between those in sectors 7 and 2. Anatomic Sector Number invasively from serially acquired, reoriented cardiac PET images using the flow tracer "N-ammonia and a two-compartment tracer kinetic model. The approach includes corrections for regional partial volume and spillover effects on the tissue time-activity curves as well as for the noninvasively recorded blood-pool timeactivity curves for contamination by`N-labeled metabolites. The corrections used in this study were unique to the use of reoriented cardiac PET images and were linked to the generation of the regional recovery coefficients. The resulting regional myocardial blood flow estimates are as good as those derived from transaxial images. However, as the most reliable blood flow estimates from transaxial images were necessarily confined to slices traversing the mid left ventricle, flow measurements could not be derived from major portions of the left ventricle. In contrast, regional flows derived from short-axis images were not fundamentally limited to certain parts of the left ventricle, although quantification of the true apex of the heart remains unvalidated and potentially problematic in both short-axis and transaxial approaches.
Technical Considerations
Issues related to reorientation. As the spatial resolution of the reoriented images varies around the left ventricular myocardial circumference, this variation must be accounted for when the regional activity thickness is determined. Failure to correct for this variability may result in an underestimation of the activity thickness with concomitant errors in the regional recovery coefficients. Also, reorientation can cause an effective loss of myocardial activity concentrations by as much as 13% at a reorientation angle of 450, as demonstrated in a phantom with a 10-mm-thick wall." In the present study, the average angle of reorientation was about 500, but this loss of activity apparently had little effect on the results obtained here. This observation needs explanation. As indicated in Table 2 , the integrals of the blood-pool time-activity curves derived noninvasively were nearly identical to those derived from the arterial samples. It implies that no significant blood-pool activity was lost during the process of reorientation. This is not surprising as reorientation of a large, homogeneous volume (as is the left ventricular blood volume) that surrounds a relatively small area to be quantitated (the blood-pool region-of-interest) will entail a negligible loss of activity." As for a count loss in myocardium after reorientation, no cross check with true 13N tissue activity was available. However, as the estimated regional activity thicknesses of the dog myocardium were typically 15 mm rather than 10 mm upon which the 13% loss figure is based, it is again expected that reorientation of larger, more homogeneous structures results in <13% loss of activity. The precise amount of activity lost, however, is unknown. Some regional myocardial activity thicknesses were 10 mm or less, in which case more activity will be lost. Thus, regional differences in activity loss due to reorientation, secondary to differences in regional myocardial activity thickness, are expected to occur, which may be an additional factor that contributes to regional variability in the calculated myocardial blood flows.
Correction forpartial volume effect. Regional recovery coefficients were obtained from short-axis diastolic imsegmental tissue time-activity curves for partial volume effects. However, during the rapid serial imaging phase of the study protocol, only ungated images are acquired, which contain both systolic and diastolic components. The tissue time-activity curves derived from these ''summed" images therefore should be corrected for the effects of partial volume and cardiac motion because correction of these tissue curves with recovery coefficients derived from diastolic images is, technically, insufficient. A conceptually better approach would first involve estimation of the true myocardial tracer activity of the left ventricular myocardium from the systolic gated image by correcting its regional tissue activity for regional partial volume effects. An ungated image could then be obtained by summing the gated images. Similar regions drawn on the ungated image obtain its uncorrected regional activities. With these activities, the ratio of the true activity to the uncorrected activity concentration can be calculated for each region. It is this regional ratio that can be used to correct each regional, dynamic tissue time-activity curve.
For various technical reasons, this method was not implemented here, and a simpler approach of just using recovery coefficients derived from short-axis diastolic images was employed. This approach may be justified because the heart spends a greater fraction of the cardiac cycle in diastole. The ungated images therefore have more of a diastolic character. A first approximation to the correction of partial volume and motion effects would be to neglect cardiac motion altogether and to base recovery coefficients on only diastolic activity thicknesses. This scheme will partly underestimate the true myocardial activity as the activity-smearing effects of motion are neglected, but it would also partly overestimate myocardial activity as the systolic activity thickening component of the cardiac cycle needs less activity recovery than the recovery based on diastolic activity thicknesses provides. It may be the case that these two effects offset each other and therefore can leave the activity recovery based solely on diastolic activity thicknesses sufficiently accurate.
Flow Estimates and Their Variabilities
Variability in the Calculated and Microsphere Flows. The total variability in the short-axis, noninvasive estimates of regional myocardial blood flow was greater than the variability in the estimates provided by the microsphere technique. The total relative dispersion of the noninvasive flow estimates is, on average, 1.65-fold greater than that by microspheres. As described in Equation 3 , the total variability in the flow estimates is the sum of the method-related, spatial, and temporal variabilities. By using spatial, temporal, and microsphere method variability data from dog studies by Marcus et al18 with data from this study and correcting the spatial variabilities for differences in mean segmental masses (1.08 g in Marcus et al'8 versus 3.13 g here) by using the square root of the ratio of segmental masses,'9 the method-related variabilities can be explicitly calculated for both the microsphere and PET techniques.
Of the mean relative dispersion of 0.12 in the flow measurements by microspheres, 0.022 is contributed by the microsphere method itself (mass=3.13 g The regional variability of flow estimates by PET at hyperemic conditions, although proportionately similar to that at lower flows, can cause the appearance of heterogeneities in regional flow measurements, whereas the microsphere flow measurements display no such heterogeneities. At baseline conditions, both calculated and microsphere-measured flows also exhibit no statistically significant differences in regional heterogeneities. Therefore, it may be prudent to interpret certain regional heterogeneities in calculated flows at hyperemic states with some caution. Significant regional heterogeneities were located in sectors near the anterior (sectors 1 and 2) and in the posterior right ventricular junction (sector 7). Difficulties in estimating the recovery coefficients in these regions at high-flow states may contribute to the appearance of regional heterogeneities between these regions, with underestimation of the recovery coefficient in sector 7 and overestimation of it in sectors 1 and 2. Although calculated flow heterogeneities near the insertions of the right ventricle may be problematic during hyperemic conditions, differences between the microsphere flows and the calculated flows failed to achieve statistical significance for any region for various study conditions. Finally, as the studies were performed with relatively high activity boluses of "N-ammonia in dogs with blood volumes smaller than those in humans, the activity concentrations of tracer in the dogs were relatively higher than those anticipated for humans. Accordingly, the counting statistics will be lower in humans and probably result in greater variability of estimates of variability could be reduced by use of larger regionsof-interest.
Comparison of the Transaxial and the Short-Axis Approaches. The average myocardial blood flows by the transaxial and the short-axis approaches are compared in Figures 6A and 6B . The regression line for the transaxially derived data has a slope of 0.87, whereas the regression line based for the short-axis data has a slope of 1.02. Several reasons might explain this slightly lower slope of the regression line for the transaxial data. First, as mentioned earlier, the method used for generation of regional recovery coefficients assumes that the images are short-axis, not oblique cuts. By using the algorithm on oblique myocardial images, the activity thickness may be overestimated, resulting in insufficient correction for partial volume of the myocardial time-activity curves. Second, transaxial cuts near the base of the heart typically pass through the membranous septum. As this structure fails to take up`N-ammonia, the image shows a "defect" of sorts in the myocardial tissue ring. Well-perfused myocardium adjacent to this zone loses activity into this gap, and this loss is not compensated for by the partial volume corrections. The defect disturbs the normal tissue-to-tissue spillover relation, with a resulting loss of activity from regions-of-interest adjacent to the gap. One solution to this problem is to simply discard all sectors within and adjacent to the defects. However, this solution is less than ideal because it is sometimes difficult to determine which region-ofinterest should be kept and which should be discarded. By keeping affected regions-of-interest, the average myocardial blood flows will be depressed overall.
Last, some transaxial planes may also cut tangentially through the inferior or the anterior basal wall or the apex of the left ventricle, where out-of-plane loss of activity can be significant. Recognizing deficient segments due to this situation can be difficult, and these retained segments will exhibit depressed flows. Such segments were demonstrated in Figure 6B . Those segments were taken from approximately tangential cuts near either the heart's base or apex.
These three points indicate that quantification of regional myocardial blood flows from transaxial images can be limited. Certain regions in transaxially cut myocardium cannot be reliably interrogated due to tissueto-tissue and out-of-plane activity spillover problems. Only well-selected segments from transaxial images yield accurate flow values. Because limited spatial resolution of current PET scanners is at the root of these problems, the quantification methodology should minimize this fundamental problem. One way to minimize the effects of limited spatial resolution of the PET camera is to orient the imaged activity distribution in such a way that the effects of spillover during quantitation are minimized. Fortunately, the structure imaged here -the left ventricle -lends itself to such manipulation because it is rather uniform along its axial dimension. Imaging the left ventricle in planes perpendicular to its axial dimension minimizes the spillover problem.
The short-axis method used here does this precisely; it takes advantage of the approximate cylindrical symmetry of the left ventricle, thus minimizing the partial volume and spillover problems inherent to transaxial images and allowing more myocardium to be reliably quantified. In this study, the short-axis images had about flows. On the other hand. this expected increase in twice as many "usable" segments compared with the number available via transaxial analysis (although this ratio may be somewhat inflated due to statistic-independence criterion that dictated the selection of certain transaxial planes for quantification). In addition, quantified regional blood flows can be precisely located with the short-axis approach, allowing construction of polar maps of the left ventricle. Precise localization with subsequent polar map construction is nearly impossible to do when using transaxial images. These observations argue that the short-axis approach is fundamentally superior to the transaxial approach.
Conclusions
Reoriented dynamic PET together with '3N-ammonia and an appropriate tracer kinetic model permitted the noninvasive quantification of regional myocardial blood flow in dog experiments. The noninvasively obtained flow values correlated closely and linearly with those derived independently with the standard radioactive microsphere technique. This close correlation extends over a wide range of flow conditions in canine left ventricular myocardium. Key advantages of using reoriented images in the quantification of regional myocardial blood flow are that more of the left ventricular myocardium can be analyzed for regional blood flows compared with the transaxial approach, and the obtained flow values can be precisely situated in the left ventricle. The short-axis approach described here should be suitable for measurements of regional blood flow in human myocardium, with appropriate modification. For example, it may be unnecessary in humans to correct the arterial input function for the presence of 13N-labeled nonammonia metabolites as most of the 13N activity remains bound to ammonia during the first 2 minutes after tracer injection. 16 The clinical value of quantitative rather than qualitative estimates of regional myocardial blood flow remains to be determined. The results of the present study demonstrate that such estimates of regional myocardial blood flow from reoriented myocardial short-axis cross sections are possible and practical. They also provide a basis for simpler, less tedious, and less time-consuming graphic analytical approaches that are suitable for pixel-by-pixel parametric polar mapping of regional myocardial blood flow throughout the left ventricular myocardium.21
